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(57) ABSTRACT

A redox flow cell 1s presented that utilizes a porous membrane
separating a first half cell and a second half cell. The porous
membrane 1s chosen to have a figure of merit (FOM) 1s at least
a minimum FOM. A method of providing a porous membrane
for a tlow cell can include determining a figure of merit;
determining a first parameter from a pore size or a thickness
for the porous membrane; determining a second parameter
from the pore size or the thickness that 1s not the first param-
cter for the porous membrane, based on the figure of merit;
and constructing a porous membrane having the pore size and

the thickness.
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REDOX FLOW CELL
BACKGROUND
[0001] 1. Technical Field
[0002] The present invention relates to the field of reduc-

tion-oxidation (redox) flow batteries or redox tlow cells and,
in particular, to redox tlow batteries that include an 10n
exchange membrane (IEM) that achieves an advantageous
figure-of-merit (FOM) to improve Voltage and Coulombic
Efficiency.

[0003] 2. Discussion of Related Art

[0004] Reduction-oxidation (redox) flow batteries store
clectrical energy 1n a chemical form, and subsequently dis-
pense the stored energy 1n an electrical form via a spontane-
ous reverse redox reaction. Aspects of redox flow batteries
incorporating external liquid electrolytes have been

described 1n, for example, U.S. Pat. No. 3,996,064 to Thaller,
which 1s herein incorporated by reference in 1ts entirety.

[0005] A redox tlow battery 1s an electrochemical storage
device 1n which an electrolyte containing one or more dis-
solved electro-active species flows through a reactor cell
where chemical energy 1s converted to electrical energy. Con-
versely, the discharged electrolyte can be flowed through a
reactor cell such that electrical energy 1s converted to chemi-
cal energy. Electrolyte 1s stored externally, for example 1n
tanks, and flowed through a set of cells where the electro-
chemical reaction takes place. Externally stored electrolytes
can be tlowed through the battery system by pumping, gravity
feed, or by any other method of moving fluid through the
system. The reaction in a flow battery 1s reversible. The elec-
trolyte, then, can be recharged without replacing the electro-
active material. The energy capacity of a redox tlow battery,
therefore, 1s related to the total electrolyte volume, e.g., the
s1ze of the storage tank. The discharge time of a redox tlow
battery at full power also depends on electrolyte volume and
often varies from several minutes to many days.

[0006] The minimal unit that performs the electrochemaical
energy conversion 1s generally called a ““cell,” whether 1n the
case of flow batteries, tuel cells, or secondary batteries. A
device that integrates many such cells, coupled electrically 1n
series or parallel, to get higher current or voltage or both, 1s
generally called a “battery.” However, it 1s common to refer to
any collection of coupled cells, including a single cell used on
its own, as a battery. As such, a single cell can be referred to
interchangeably as a “cell” or a “battery.”

[0007] Redox flow batteries can be utilized 1n many tech-
nologies that require the storage of electrical energy. For
example, redox tlow batteries can be utilized for storage of
night-time electricity that 1s inexpensive to produce to subse-
quently provide electricity during peak demand when elec-
tricity 1s more expensive to produce or demand 1s beyond the
capability of current production. Such batteries can also be
utilized for storage of green energy, 1.e., energy generated
from renewable sources such as wind, solar, wave, or other
non-conventional sources.

[0008] Many devices that operate on electricity are
adversely affected by the sudden removal of their power
supply. Flow redox batteries can be utilized as uninterruptible
power supplies in place of more expensive backup generators.
Efficient methods of power storage can be used to construct
devices having a built-in backup that mitigates the effects of
power cuts or sudden power failures. Power storage devices
can also reduce the impact of a failure 1n a generating station.
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[0009] Other situations where uninterruptible power sup-
plies can be of importance include, but are not limited to,
buildings where uninterrupted power is critical, such as hos-
pitals. Such batteries can also be utilized for providing an
uninterruptible power supply 1n developing countries, many
of which do not have reliable electrical power sources, result-
ing in intermittent power availability. Another possible use
for redox flow batteries 1s 1n electric vehicles. Electric
vehicles can be rapidly “recharged™ by replacing the electro-
lyte. The electrolyte can be recharged separately from the
vehicle and reused.

[0010] There 1s, therefore, a need for improved perior-
mance and longevity of redox tlow cells and the batteries
formed from them.

SUMMARY

[0011] Consistent with embodiments of the present mnven-
tion, a reduction-oxidation tlow cell having an advantageous
ion exchange membrane 1s presented. A redox tlow cell
according to the present invention can include a first half cell
having a first electrolyte; a second half cell having a second
clectrolyte; and a porous membrane separating the first half
cell and the second half cell, the porous membrane having a
figure-of-merit (FOM) that 1s at least a mimimum FOM,
wherein FOM=(T"1)/P where T is a membrane thickness, P is
an average pore size of the membrane, and m 1s an average
viscosity of the first electrolyte and the second electrolyte.
[0012] A method of providing a porous membrane for a
flow cell consistent with embodiments of the present inven-
tion 1ncludes determining a figure ol merit; determiming a first
parameter from a pore size or a thickness for the porous
membrane; determining a second parameter from the pore
size or the thickness that i1s not the first parameter for the
porous membrane, based on the figure of ment; and con-
structing a porous membrane having the determined pore size
and thickness.

[0013] These and other embodiments of the present mven-
tion are further described below with reference to the follow-
ing figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1 illustrates a reduction-oxidation cell consis-
tent with embodiments of the present invention.

[0015] FIG. 2 illustrates a porous 1on-exchange membrane
that can be utilized 1n the reduction-oxidation cell shown in
FIG. 1.

[0016] FIG. 3 illustrates the relationship between a figure-
of-merit and a diffusion current in membranes consistent with
embodiments of the present invention.

[0017] FIG. 4 illustrates the round-trip efficiency of a flow
cell as a function of load current density for several porous
membranes, including some membranes consistent with
embodiments of the present invention.

[0018] Inthefigures, elements having the same designation
have the same or substantially similar function. The figures
are 1llustrative only. Relative sizes and distances depicted 1n
the figures are for convenience of illustration and have no
further meaning.

DETAILED DESCRIPTION

[0019] A redox flow cell 1s the minimal component of a
redox battery. Multiple tflow cells are coupled (“stacked”) to
form a multi-cell battery. The cell 1s made up of two half-cells
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separated by a membrane, through which 1ons are transferred
during a redox reaction. One hali-cell contains an anolyte and
the other half-cell contains a catholyte, the anolyte and
catholyte being collective referred to as electrolytes. The
clectrolytes (anolyte and catholyte) are tflowed through the
half-cells, often with an external pumping system. At least
one electrode in each half cell provides a surface on which the
redox reaction takes place and from which charge is trans-
ferred.

[0020] Theredoxtlow cell works by changing the oxidation
state of its constituents during charging or discharging. The
two half-cells of the basic redox flow cell are connected in
series by the conductive electrolytes, one for anodic reaction
and the other for cathodic reaction. The electrode in each
half-cell includes a defined surface area upon which the redox
reaction takes place. Electrolyte flows through the hali-cell as
the redox reaction takes place. The two half-cells are sepa-
rated by an 1on-exchange membrane (IEM) where either posi-
tive 1ons or negative 1ons pass through the membrane. Mul-
tiple such cells can be electrically coupled (*stacked”) either
in series to achieve higher voltage or 1n parallel 1n order to
achieve higher current. The reactant electrolytes are stored 1n
separate tanks and dispensed into the cells as necessary 1n a
controlled manner to supply electrical power to a load.

[0021] One ofthe problems of aredox tlow cell 1s fouling of
the IEM. IEMs that primarily conduct cations, such as H™, are
called Cationic Ion Exchange Membranes (CIEM) and IEMs
that primarily conduct anions are called Anionic Ion
Exchange Membranes (AIEM). IEMs are typically sheets of
woven or non-woven plastic with active 10n exchange mate-
rials such as resins or functionalities embedded either 1n a
heterogeneous (such as co-extrusion) or homogeneous (such
as radiation grafting) way. These 10n exchange matenals are
active materials and are often chemically attacked by strong
oxidizers, acids, and bases. As a result, the 1on exchange
capability of the membrane deteriorates with use causing the
cell resistance to increase, resulting 1n lower cell efliciency
and subsequently lowered system capacity.

[0022] The rate and degree of deterioration in the IEM 1s
higher at higher electrolyte concentrations. However, the
clectrolyte concentration determines the system energy den-
sity, which most users would like to be high. As a result,
manufacturers of flow batteries want to use a higher electro-

lyte concentration, but are forced to limits imposed by the rate
of increased resistance of the membrane that results from the

rate of deterioration.

[0023] Another problem encountered with redox tlow cells
1s using IEMs at high temperatures. Many redox systems are
better catalyzed at higher temperature, such as between 40
and 80° C. Additionally, at such higher temperatures, the
solution resistances are lower, resulting 1n lower cell resis-
tance and therefore better system efficiency and capacity.
However, at higher temperatures, the 1on selectivity of the
membranes can be low, resulting in undesirable electrolyte
cross-mixing in unmixed systems. For mixed-reactant sys-
tems cross-mixing 1s not an issue, but the concurrent increase
in membrane resistance causes loss of system elliciency and
capacity.

[0024] In order to circumvent some of these problems,
porous membranes without any 1on exchange material have
been used 1n redox batteries. See M. Lopez-Atalaya et al in
Journal of Power Sources, 39 (1992) 14°7-154. Lopez Atalaya
et al. considered porous membranes 1n 1ron chromium flow
batteries. However, poor performance was observed.
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[0025] In some embodiments of the present invention, the
redox reaction takes place completely 1 an aqueous acidic
medium where both the start and end products are non-zero
redox states. In a non-zero redox state, there 1s no plating,
de-plating, or creation of any elemental state in the electro-
chemical process utilized in the flow cell.

[0026] FIG. 1 1llustrates a redox tlow cell 100 consistent
with some embodiments of the present invention. Redox tlow
cell 100 includes two half-cells 102 and 104 separated by an
ion exchange membrane (IEM) 106. Hali-cells 102 and 104
include electrodes 108 and 110, respectively, 1n contact with
an electrolyte such that an anodic reaction occurs at the sur-
face of one of electrodes 108 or 110 and a cathodic reaction
occurs at the surface of the other one of electrodes 108 or 110.
Electrolyte flows through each of half-cells 102 and 104 as
the redox reaction takes place.

[0027] As shown in FIG. 1, the electrolyte 1n half-cell 102
may be pumped through pipe 112 by pump 116 to holding
tank 120. Similarly, the electrolyte 1n half-cell 104 can be
pumped through pipe 114 by pump 118 to holding tank 122.
In some embodiments, holding tank 122 may segregate elec-
trolyte that has flowed through cell 100 from electrolyte that
has not. However, mixing discharged or partially discharged
clectrolyte may also be performed.

[0028] Flectrodes 108 and 110 can be coupled to either
supply electrical energy or recerve electrical energy from load
or source 124. Other monitoring and control electronics,
included in load 124, can control the flow of electrolyte
through half-cells 102 and 104. Multiple ones of cells 100 can
be electrically coupled (“stacked’) 1n series to achieve higher
voltage or 1n parallel 1n order to achieve higher current.

[0029] In some embodiments of the present invention, the
redox reaction between the electrolytes and electrodes 108
and 110 does not involve any of the redox reactions reaching
a zero-oxidation state. Therefore, the redox reactions with
clectrodes 108 and 110 do not result in plating or de-plating of

any metals or elemental form of any constituents onto or from
clectrodes 108 and 110.

[0030] A flow battery such as that shown 1 FIG. 1 1s dii-
ferent from a secondary battery because, 1n a flow battery, the
majority of the electrolyte 1s kept outside of the cell volume
and pumped into the cell as needed. Hence the power and
energy capacity are decoupled 1n a tlow battery. In a second-
ary battery, all of the electrolyte 1s stored within the cell
volume, hence the power and energy capacity are coupled.
Both a flow battery and a secondary battery are rechargeable.

[0031] A flow battery, an example cell of which 1s shown 1n
FIG. 1, 1s different from a fuel cell 1n the sense that, although
both work on electrochemical redox principles, a fuel 1s gen-
erally consumed 1n a fuel cell and the system 1s generally not
rechargeable. Conventional fuel cell fuels include hydrogen,
methanol, gasoline, or other hydrogen containing materials.
The fuel must be continuously replenished to produce power.
The electrolytes 1n a flow battery are rechargeable, and there-
fore an external tuel supply 1s not utilized in the production of
clectricity from the battery. Instead, a source of electricity 1s
utilized during recharge of the tlow battery.

[0032] Advantages of flow batteries over secondary batter-
ies may 1clude some or all of flexible device layout (due to
separation of the power and energy components), long cycle
life (because there are no solid-liquid solution phase
changes), lack of harmiul emissions generated, low mainte-
nance, and tolerance to overcharge/overdischarge. Disadvan-
tages may 1include the complicated apparatus, (including
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pumps, sensors, control units, secondary containment ves-
sels, etc.) and low energy densities.

[0033] Insomeembodiments ofredox cell 100 as shown 1n
FIG. 1, an Fe/Cr redox pair 1s utilized. The redox pair would
then 1nclude:

Fe**+e —Fe?H(E_ =+0.771 V)

Crit+e —Cr°*(E_=0.407 V)

where E _ 1s the standard electrode potential of the reaction. It
an Fe/Cr redox pair 1s utilized, the cell voltage between elec-

trodes 108 and 110 would therefore nominally be 1.178 V.

[0034] If the electrolyte has a net higher positive electrode
potential (E_) compared to that of a Standard Hydrogen Elec-
trode (SHE) during discharge of the system, then the electro-
lyte 1s called the catholyte. The complementary electrolyte 1s
then called the anolyte. The SHE 1s generally defined as a
platimized platinum electrode 1n redox reaction with a hydro-
gen electrolyte at 25 C.

[0035] In some embodiments of redox cell 100, the elec-
trolyte 1n halt-cell 102 1s an acidic solution of FeCl,, forming,
a cathode side of redox cell 100. The electrolyte 1n half-cell
104 1s an acidic solution of CrCl,, forming an anode side of
redox cell 100. When source 124 supplies an appropriate
positive voltage on the cathode with respect to the anode,
thereby charging the electrolytes 1n redox flow cell 100, the
following reactions take place:

Cathodic reaction in half-cell 102: Fe’*—Fe *+e™.

Anodic reaction in half-cell 104: Cr**+e —Cr°*

[0036] Applying the external power supply atfects an elec-
tron transfer, while a Cl™ 1on crosses IEM 106 from the anodic
hali-cell 104 to the cathodic half-cell 102 in order to preserve
the charge balance. In the 1deal situation, the fully charged
flow cell consists of 100% Fe(Cl, solution in half-cell 102 on

the cathode side and 100% CrCl, solution 1n half-cell 104 on
the anode side.

[0037] When the external power supply of source 124 is
replaced with load 124, the cell begins to discharge, and the
opposite redox reactions take place:

Cathodic reaction in half-cell 102: Fe**+e —Fe’*

Anodic reaction in half cell 104: Cr2r*—Crit4e™

[0038] Therefore, in an 1deal situation, the fully discharged
flow cell consists of 100% FeCl, solution on the cathode side
in half-cell 102 and 100% CrCl, solution on the anode side 1n
half-cell 104 (CI™ 1ons having migrated from half-cell 102 to
half-cell 104 during the reaction).

[0039] A vanationofthe Fe/Cr system described above 1s a
redox cell with premixed Fe and Cr solutions (see Gahn et al,
NASA TM-87034, which 1s herein incorporated by reference
in 1ts entirety). Because membranes such as IEM 106 are
typically not perfectly perm-selective (1.e., selectively perme-
able), anolyte and catholyte eventually become cross-mixed
over many cycles of charge and discharge, thus reducing the
net system capacity. Gahn et al. proposed a remedy to this
problem using a redox cell, both sides of which contain Fe(l,
and CrCl; solutions 1n 1:1 proportion 1n the completely dis-
charged state. In the completely charged state, the anolyte
comprises CrCl, and FeCl, mn 1:1 proportion and the
catholyte comprises FeCl; and Cr(Cl; 1n 1:1 proportion. In this
way, any cross-diffusion of species merely appears as a Cou-
lombic 1nefficiency, and over time the 1:1 charge balance 1s
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maintained. Although the above example describes an Fe/Cr
system, 1t 15 generally applicable to other Redox couples,
such as for example all-Vanadium systems, (see Skyllas-

Kazacos 1n U.S. Pat. No. 4,786,567, which 1s herein incorpo-
rated by reference 1n 1ts entirety).

[0040] As suggested above, the IEM membranes in many
conventional redox flow cells may suifer from deterioration
of the membrane due to interactions with the electrolytes and
low 101n selectivity at operating temperatures. Some of these
1ssues can be eliminated by using porous membranes without
any active 1on-exchange material. For example, Hruska &
Savinell 1n their paper “Investigation of Factors Aflecting
Performance of the Iron-Redox Battery” published in the
Journal of Flectrochemical Society 1981, Vol. 128, No. 1,
18-25, demonstrate the use of porous membranes 1n an 1ron
based redox battery system. However, as described 1n the
Hruska paper, such a system 1s not a true tlow battery system
because 1ron 1s plated on one of the electrodes. Further, the
system described 1n Hruska would operate without the mem-
brane, albeit at lower efficiency.

[0041] Other tflow battery and secondary non-flow battery
systems also have used non 1on-selective porous membranes.
For example, lead-acid batteries use a porous membrane
called a separator. In zinc-bromine flow battery systems, such
porous membranes are used as well, but such systems have
one of the half-cell reactions plating and de-plating a metal.
Such systems would still work even without a membrane at
all, despite lower efficiency. However, 1n true flow cells,
where no plating or de-plating of, reactants occurs at the
clectrode, such as the 1iron-chromium system described above
with respect to FIG. 1, the membrane substantially prevents
mixing of the electrolytes and allows charging or discharging
to occur.

[0042] In true redox flow batteries, where no plating or
de-plating occurs at the electrodes, the characteristics of IEM
106 should be chosen to reduce cross-mixing of the electro-
lytes. Electrolyte cross-mixing results in Coulombic inedfi-
ciency. There 1s typically a trade-off between Coulombic
inefficiency and other operational parameters. As such, con-
sistent with some embodiments of the present invention, IEM
106 in cell 100 of FIG. 1 1s a porous membrane with physical
parameters arranged to substantially improve the system etfi-
ciency for non-plating redox flow cells. Further, some
embodiments of IEM 106 can be arranged to function in
redox tlow battery systems where the anolyte and catholyte
are substantially mixed with each other, either at the begin-
ning of the operation, or during the operation of the battery.

[0043] FIG. 21llustrates an example of IEM 106, consistent
with embodiments of the present invention, submerged in
clectrolytes 220 and 230. As discussed above, electrolytes
220 and 230 may be, for example, solutions of FeCl_and
CrCl,, may each be a mixed solution of FeCl, and CrCl,, or
may be any other combination of electrolytes, where x and y
change depending upon battery charge state. Consistent with
some embodiments, IEM 106 1s a porous membrane with
pores 210. Consistent with some embodiments of the present
invention, a thickness T of IEM 106, the porosity @ of IEM
106, and an average pore size P of pores 210 are balanced with
clectrolyte viscosity 1 and resistivity of electrolytes 220 and
230 1n order to optimize performance of cell 100.

[0044] Inaredox cell such as cell 100, cell resistance deter-
mines the efficiency of the cell, and therefore the capacity
utilization. If cell 100 1s charged with a current I, the cell open
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circuit voltage (OCV) 1s E, and the cell resistance 1s R, then
the “Round Trip Voltaic Efficiency” (Ev_RT) of the cell 1s

defined as

E—IR

Ev_R'T = :
E+ IR

L1

Also, the “Discharge Voltaic |
1s defined as

thiciency” (Ev_Dis) of the cell

At any given current and OCYV, which 1s representative of the
state of the charge of cell 100, the cell resistance R determines
both the voltage elliciencies. For a given peak power and total
capacity requirement, a higher Ev_RT offers lower operating
cost, and a higher Ev_Dis results in requirements for a smaller
stack (1.e., number of coupled cells) and less amount of elec-
trolyte chemicals. Both reducing the amount of required elec-
trolyte and reducing the number of stack cells required to
meet demands are economically favored. Therefore, maxi-
mizing Ev_RT and Ev_Dis by reducing R 1s a highly desired
result. The cell resistance R 1s a composition ol multiple
resistances 1n series, including the solution resistance, reac-
tion dynamic impedance, and electrode resistance. In many
cases, the membrane resistance of IEM 106 also contributes
to the total cell resistance R.

[0045] Another important parameter in the characterization
of redox cell 100 1s the Coulombic Efficiency (Ec), defined as

the ratio of amount of coulombs of charge dispensed by cell
100 during discharge to that delivered to cell 100 during
charge between two given states of charge. For example, 1f
cell 100 can be charged from 20% total capacity to 80% total
capacity in 10 minutes by applying a current of 1 Ampere, and
can be discharged from 80% total capacity back to 20% total
capacity 1 5 minutes at a current of 1.5 Amperes, then the
coulombic efficiency 1s given by

1.5 Amp X5 min

— :7567
I Amp x 10 min ’

Ec

[0046] The coulombic mefficiency (1-Ec) 1n a redox flow
cell such as cell 100 1s typically due to three major factors: (a)
parasitic reactions that compete with the theoretical redox
reactions; (b) tlow of inter-cell shunt current; and (c) cross-
diffusion of reactants through IEM 106 resulting 1n a cross-
diffusion current. While parasitic reactions can be reduced by
appropriate selection of system parameters and inter-cell
shunt current can be reduced by constructing an appropriate
manifold to control the flow within the stack, the cross-diffu-
sion current 1s solely determined by the characteristics of
IEM 106. A higher cross-diffusion current results 1n a lower
Coulombic efficiency. I the current causing the Coulombic
inelliciency 1s designated as Ic, and I represents the design
load current of cell 100, then the Coulombic inefliciency 1s
given by

Coul_Ineft=lc/(I+ic).
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[0047] The Round Trip System FEiliciency (Es_RT) of a
redox tlow battery, which may include one or more of cells
100, defines the global excellence of the battery and 1s a direct
product of the Round Trip Voltaic and Coulombic efficien-
cies: Hs_RT=Ev_RT*FEc. Similarly, the Discharge System
Efficiency (Es_Dis), which defines the minimum stack size
and electrolyte volume of the battery, 1s a direct product of the
Discharge Voltaic -1

[T]

ficiency and Coulombic Efficiency:
Es_Dis=Ev_Dis*Ec. In traditional redox flow battery sys-
tems using conventional IEMs, the cross-diffusion current 1s
very low. Therefore, the contribution of the membrane to the
Coulombic 1netficiency Coul_Ineltl 1s also very low—typi-
cally less than 0.5%. This low Coulombic inetficiency results
because conventional membranes are highly 1on-selective

and no mass-transier of the electrolytes takes place across the
membrane.

[0048] On the other hand, conventional IEMs are easily
fouled by oxidizers 1n high concentration (such as 2 Molar
FeCl, solution, for example), and the resistance across the
membrane increases significantly with higher concentration
of salts. Many of these IEMSs, due to their heterogeneous
structure, become brittle and mechamically unstable over time
and eventually fail. The wvoltaic efficiencies Ev_RT and
Ev Dis also suffer over time such that voltaic efficiencies
Ev_ RT ofless than 70% and Ev_Dis of less than 80% under
such circumstances can result. The system efliciencies Es_ RT
and Es_Dis similarly suffer such that, because Ec 1s close to
100%, the round-trip system elificiencies Es_RT can become
about 60% and 75%., respectively. Cheaper alternative IEMs
show a higher resistance with higher electrolyte concentra-
tion, resulting in the system elificiencies becoming even
WOrse.

[0049] Alternatively, porous membranes may be utilized
without any active 1on exchange material. In that case,
because there 1s no fouling 1ssue, the resistance 1s generally
small and largely independent of temperature and electrolyte
concentration. The resistance of a porous membrane 1is
largely dependent on the porosity and thickness of the mem-
brane and the resistance of the electrolyte. The electrolyte
enters the pores of the membrane and thereby establishes the
membrane resistance. The voltaic efficiency Ev_Dis and
Ev_RT can therefore be quite high and can reach greater than
90%, even at high concentration of electrolytes.

[0050] However, conventional porous membranes gener-
ally also allow mass transier of electrolytes 1n addition to 10n
transier. As a result, the cross-diffusion current can be high,
substantially reducing the Coulombic efficiency. For
example, conventionally utilized porous membranes can pro-
vide Coulombic efficiencies Ec of less than 60%. The system
elficiency 1s then 90%*60%=54%, much below the system
elficiency Es available for 1on-selective based systems.

[0051] Consistent with embodiments of the present mnven-
tion, IEM 106 1s a porous membrane with high voltaic effi-
ciency Ev and high coulombic efficiency. Porous membranes
according to embodiments of the present invention have cer-
tain physical characteristics that can be arranged to limait the
mass transier to a mimimum while still facilitating 1onic trans-
ter, which can result 1n higher system eificiencies.

[0052] The resistance of a porous membrane does not sig-
nificantly depend on the pore size of the holes. The resistance
instead depends on the electrolyte resistivity, thickness of the
membrane, and porosity of the membrane. The relationship 1s
given by:
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pXT

Rm="""
ST

where Rm 1s the effective area resistivity of the membrane, p
1s the average resistivity of the electrolyte solution, T 1s the
thickness of the membrane, and ® 1s the porosity of the
membrane. The function 0(®) 1s a quasi-linear function of @.
While p 1s a membrane-independent parameter, membranes
with specific thickness T and porosity @ can be manufactured
in order to minimize resistance Rm.

[0053] However, the natural direction of increasing poros-
ity ® has geometric limitations (e.g., pore size and pore
density). Stmilarly, decreasing the thickness T too much can
result 1n a large cross-diffusion current, resulting 1n low Cou-
lombic efficiency Ec. In porous membrane systems, however,
there are other parameters available that can be adjusted by
judicious production of the membrane 1n order to reduce the
cross-diffusion of electrolytes. These parameters may not
alfect the resistance of the membrane significantly. If the
pores are very small—micron sized or less—then the cross-
diffusion current is (a) inversely proportional to the square of
the thickness of the membrane (T 1n meters), (b) proportional
to the average pore size (P 1n meters), (¢) mversely propor-
tional to average electrolyte viscosity (1 1n centi-Poise), and
sensitive to the concentration difference of chemical species
across the membrane. While the concentration difference 1s
not a membrane parameter (1.., a parameter that depends on
the characterization of the membrane), but rather a function
of the state of charge (SOC) of the system, the other param-

cters are membrane parameters. With these relationships, an
empirical figure-of-merit (FOM) for IEM 106 in cell 100 can
be defined to be

FOM =

FIG. 3 illustrates the relationship between Diffusion Current
Id and the FOM. As shown in FI1G. 3, 1/1d 1s nearly linear with
FOM. Further, very high diffusion currents are associated
with low values of the FOM. For example, empirical obser-
vations suggest that 1n order to get a cross-diffusion current Id
of less than, for example, 1 mA/cm?®, the FOM should be

greater than about 15.

[0054] The FOMs for several porous membranes are pro-
vided below 1n Table I. Table I shows the FOM and diffusion
currents for three porous membranes. Porous membrane A
shown 1n Table I corresponds to the membrane utilized by
Lopez-Atalaya et al. 1n their study of porous membranes. As
discussed above, Lopez-Atalaya et al. replaced the conven-
tional non-porous membrane with a nonselective

microporous plastic separator made by Daramic Microporous
Products, L.P. (11430 N. Commumty House Rd, Suite 35,

Charlotte, N.C. 28277). As described by Lopez-Atalaya et al.,
membrane A has a Coulombic efliciency of 74% and the cell

has an mternal resistance between 3.1 Ohms and 3.4 Ohms for
charge and discharge, respectively. Also, viscosity of the elec-
trolyte 1s know to be 4.0 cP from its chemical composition,
which 1s provided 1n Table 1 of pgs. 150 of Lopez-Atalaya et
al. The FOM for membrane A 1s, therefore, about 1.6 m-cP,
giving rise to a diffusion current of about Id=10 mA/cm”. At
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the desired average current density of 40 mA/cm” the Cou-
lombic cross-diffusion efficiency 1s about 25%, which 1s con-
sistent with the reporting of Lopez-Atalya et al. Combined
with the voltaic efficiency of 77% as reported 1mn Lopez-
Atalya et al., the Ev_RT for the membrane becomes about
56%, which 1s relatively poor.

[0055] Membranes B and C were produced consistently
with some embodiments of the present invention. As such,
membranes B and C are examples of membranes according to
embodiments of the present invention. Membranes B and C
are made from a polyolefin material and have a specified
thicknesses and pore diameter. A manufacturer having the
capability to manufacture these membranes, and other mem-
branes consistent with embodiments of the present invention,
1s Daramic Microporous Products, L.P., 11430 N. Commu-
nity House Rd., Suite 35, Charlotte, N.C. 28277. Typically
membranes consistent with embodiments of the invention can
be produced by extruding sheets of polyolefin with fillers
such as glass fibers, and with o1l particulates heterogeneously
spread throughout the body of the sheet. After the extrusion,
the sheet can be treated with a solvent or etchant to remove the
o1l particles, leaving behind pores. Properties like the thick-
ness, pore size, pore density, and tortuousity are heavily pro-
cess dependent and are often closely-guarded secrets of the
manufacturer. However, these parameters can be specified to
the manufacturer for production.

[0056] By determining particular pore diameter and thick-
ness parameters of the membranes, the FOM of IEM 106 can
be dramatically increased. The resulting performance of cell
100 utilizing IEM 106 1s also dramatically increased. Mem-
branes 106 of example membranes B and C shown 1n Table I
have pore diameter and thickness parameters that are chosen
consistent with embodiments of the present invention to
increase the FOM. In membrane B, the thickness of the
porous membrane 1s 1 mm, pore diameter 1s 0.4 microns, and
the average viscosity of the electrolyte 1s 4.2 cP, giving an
FOM of 10.5 m-cP. Experimentally,, membrane B provided a
diffusion current of 1.4 mA/em At a de81g11 average cell
current den81ty of 40 mA/cm?, this cross-diffusion current has
an inetficiency of 1.4/40=3. 5% In membrane C, the thickness
1s 1.5 mm, average pore diameter 1s about 0.4 um, and the
average electrolyte viscosity 11 4.2 cP, giving an FOM of 23.6
m-cP and a resulting diffusion current of 0.6 mA/cm 2. At the
design cell current density of 40 mA/cm®, the Coulombic
inelliciency due to cross-diffusion 1s only 0.6/40=1.5%. Table
I illustrates the clear advantages of membranes B and C over
that of membrane A, which was the membrane utilized by
Lopez-Atalya et al.

[0057] In an example membrane, the value of FOM can be
15 m-cP, for example, for a desired 1 mA/cm* cross-diffusion
current, which also has a desired cross diffusion 1netficiency
of, for example, 1%. For any other desired inelliciency and
cell current density, the FOM approprate for the new situa-
tion can be scaled. For example, if a Coulombic cross-difiu-
s1on 1nefliciency of 5% can be tolerated at a design average
cell current dens ity of 40 mA/cm”, an FOM greater than about
15/(5%*40)=7.5 1s sulficient. In another example, 1f a Cou-
lombic cross-difiusion netficiency of no mere than 1% at an

average cell current density of 10 mA/cm? is desired, then the
FOM should be greater than 15/(1%*10)=130.

[0058] Tablel also indicates the efficiencies for IEMs A, B,

and C, which were discussed above. It may be seen that the
FOM 1n membrane A was only 1.6, thus giving a round-trip
system efficiency of Es_RT and diffusion efficiency of
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Es_Dis of 62% and 70%, respectively. In membrane C, how-
ever, the same parameters are 77% and 87%, respectively, a
dramatic improvement 1n performance.

[0059] Most tlow batteries are capable of running at 40 to
200 mA/cm” at full load, and therefore a few mA/cm* of
cross-diffusion current contributes a very small fraction to the
total inefliciency. Therefore, even a low value of FOM can be
tolerated 1n full-load applications. However, in practical
applications, the load of the tlow battery 1s not full. In fact, the
average 1s much lower than full, and at times the load can be
very low, even close to zero. However, the diffusion current 1s
load independent. At low average loads, the diftfusion current
can contribute significantly to the total inefliciency. It 1s there-
fore important to consider the round-trip system elficiency

Es RT at both low and high load currents 1n providing a
porous membrane for a practical application.

[0060] Table II shows the Es_RT as a function of load
current density for the prior art membranes A, B, and C. From
Table 11, at 40 mA/cm? or more of load current, membrane A
has a round-trip efficiency Es_RT of 62%. At a load of 10
mA/cm, the round-trip efficiency Es_RT of membrane A has
dropped to 29% and at a low load of 5 mA/cm? the round-trip
elficiency as dropped to 26%. These elficiencies are very low
and may not result 1n a practical battery cell. However, mem-
branes B and C result in surprisingly better results, especially
for low load current operation. Membrane B, for example, has
a round-trip efficiency Es_RT of 61% at a low load of 5
mA/cm” (almost as good as membrane A’s high load effi-
ciency) and membrane C has a round trip efficiency Es_RT of
75% at a low load of 5 mA/cm”® (which is better than is
achieved by any of membrane A’s efficiencies). Both of mem-
branes B and C can be utilized to produce practical tlow
batteries with porous membranes.

[0061] FIG. 4 1llustrates the round trip efficiency Es_RT as

a function of load current density for each of membranes A, B,
and C. As 1s amply demonstrated 1n FIG. 4, the low current
density efficiencies of membranes B and C, the membranes
according to embodiments of the present invention, are com-
parable or exceed the high current density efficiency of mem-
brane A, which was utilized 1n Lopez-Atalaya et al. This high
increase 1n elficiencies attainable by providing membranes
with a FOM of greater than about 10 m-cP (the FOM of

membrane B) was highly surprising and unexpected.

[0062] As 1s shown 1n Tables I and II, the FOM of mem-
brane B 1s 10.5 m-cP. The FOM of membrane C 1s 23.6 m-cP.
As 1s 1llustrated in Tables I and II, FOMSs greater than 10 result
in porous membranes with high efficiencies when utilized 1n
a flow-cell battery. FOMs that are less than 2 do not result 1n
membranes that can operate with high efficiency when uti-
lized 1n a flow-cell battery. Membranes with FOMs between
2 and 10 may result 1n cell efliciencies that are intermediate
between low elliciencies and the high efficiency cells attain-
able with some embodiments of the present invention.

[0063] Therefore, a membrane according to some embodi-
ments of the present ivention 1s obtained by first picking
cither a pore size or amembrane thickness. Then, a particular
value 1s set for FOM based on the desired efliciencies and
operating parameters of the battery that will be formed with
the membrane. Finally, the undetermined one of the pores size
or membrane thickness 1s determined such that the particular
value of FOM 1s met or exceeded. In some embodiments, a
mimmum FOM of greater than 2, and often greater than 10, 1s
utilized.
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[0064]
1s dependent on the cosine of the contact angle. The contact

In capillary cross-diffusion media, the mass transier

angle 1s essentially determined by the wettability of the mem-

brane surface with the solution surrounding that surface, 1.¢.,
the electrolytes. By moditying the surface to be more hydro-
philic or hydrophobic one can change the mass transier char-

acteristics, and therefore the FOM relationship. For example,

a treatment of the surface of IEM 106 with a dilute fluorimated
material such as Teflon, reduces the contact angle (by reduc-
ing the wettability) and the FOM 1s also reduced. FOM rela-
tionships 1n such cases can be empirically and experimentally

determined for each such surface modification.

[0065] Porous membranes are extracted with oils and plas-
ticizers. Such organic compounds can often reduce the cur-
rent transier and catalytic ability of the electrodes, and result
in reduced voltaic efficiency. In some embodiments of the
present invention, such substances can be removed from IEM
106 by chemical leaching. For example, some oils 1n
examples of IEM 106 have been leached out by submersion 1n
a solvent such as Tri1-Chloro Ethylene, for example.

[0066] In order to optimize the total system eificiency Es,
one can use the equations above to first determine the FOM
and therefore the Ec, then using the other parameters one can
determine Ev. Techmically and commercially feasible mem-
branes can be analyzed according to the above figure of merit
to determine the best membrane 1n terms of system efficiency
Es optimization. Additionally, once the system operations
requirements, such as average cell current density, acceptable
voltaic elliciencies Ev and coulombic efficiencies Ec are
known, limits on membrane parameters can be determined
and vendors can be tasked with producing membranes with
the required parameters.

[0067] In view of the embodiments described herein, the
present 1mvention has been shown to provide a means of
selecting a porous membrane that improves the system eili-

ciency of a redox cell. The foregoing descriptions of specific
embodiments of the present invention have been presented for
purposes of 1llustration and description. They are not
intended to be exhaustive or to limit the mvention to the
precise forms disclosed, and obviously many modifications
and vanations are possible 1n light of the above teaching. The
embodiments were chosen and described in order to best
explain the principles of the mnvention and its practical appli-
cation, to thereby enable others skilled in the art to best utilize
the invention and various embodiments with various modifi-
cations as are suited to the particular use contemplated.

[0068] While preferred embodiments of the present mnven-
tion have been shown and described herein, 1t will be obvious
to those skilled 1n the art that such embodiments are provided
by way of example only. Numerous variations, changes, and
substitutions will now occur to those skilled in the art without
departing from the mvention. It should be understood that
various alternatives to the embodiments of the invention
described herein may be employed 1n practicing the mven-
tion. It 1s intended that the following claims define the scope
ol the mvention and that methods and structures within the
scope of these claims and their equivalents be covered
thereby.
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TABLE I
Diffusion Design
Thickness Pore Vicosity FOM Current Current
<M (meters) Dia. (meters) (cP) (meter - cP) (mA/cmAZ) (mA/cmn2) Inefficiency Ec¢ Ev_RT Ev_Dis Es RT Es_Dis
A 6.00E-04  9.00E-07 4 1.6 10 40 20% 80%  77% 88% 62% 70%
B 1.00E-03  4.00E-07 4.2 10.5 1.4 40 3% 97%  78% 88% 75% 85%
C 1.50E-03  4.00E-07 4.2 23.6 0.6 40 1% 99%  78% 88% T7% 87%
TABLE II
Diffusion Load
Thickness Pore Vicosity FOM Current Current
A (meters) Dia (meters) (cP) (meter - ¢cP) (mA/cm 2) (mA/cm 2) Inefficiency Ec¢ Ev_RT Ev_Dis Es_ RT Es_ Dis
A 6.00E-04  9.00E-07 4 1.6 10 5 67% 33%  T77% 88% 26% 29%
6.00E-04  9.00E-07 4 1.6 10 10 50% 50%  T77% 88% 39% 44%
6.00E-04  9.00E-07 4 1.6 10 15 40% 60%  77% 88% 46% 53%
6.00E-04  9.00E-07 4 1.6 10 20 33% 67%  77% 88% 51% 58%
6.00E-04  9.00E-07 4 1.6 10 25 29% 71%  77% 88% 55% 63%
6.00E-04  9.00E-07 4 1.6 10 30 25% 5%  T7% 88% 538% 66%
6.00E-04  9.00E-07 4 1.6 10 35 22% 78%  T7% 88% 60% 68%
6.00E-04  9.00E-07 4 1.6 10 40 20% 80%  77% 88% 62% 70%
6.00E-04  9.00E-07 4 1.6 10 45 18% 82%  77% 88% 63% 72%
6.00E-04  9.00E-07 4 1.6 11 50 18% 82%  77% 88% 63% 72%
B 1.00E-03  4.00E-07 4.2 10.5 1.4 5 22% 78%  T8% 88% 61% 69%
1.00E-03  4.00E-07 4.2 10.5 1.4 10 12% 88%  78% 88% 68% 77%
1.00E-03  4.00E-07 4.2 10.5 1.4 15 9% 91%  78% 88% 71% 81%
1.00E-03  4.00E-07 4.2 10.5 1.4 20 7% 93%  78% 88% 73% 83%
1.00E-03  4.00E-07 4.2 10.5 1.4 25 5% 95%  78% 88% 74% 84%
1.00E-03  4.00E-07 4.2 10.5 1.4 30 4% 96%  78% 88% 75% 84%
1.00E-03  4.00E-07 4.2 10.5 1.4 35 4% 96%  78% 88% 75% 85%
1.00E-03  4.00E-07 4.2 10.5 1.4 40 3% 97%  78% 88% 75% 85%
1.00E-03  4.00E-07 4.2 10.5 1.4 45 3% 97%  78% 88% 76% 86%
1.00E-03  4.00E-07 4.2 10.5 1.4 50 3% 97%  T78% 88% 76% 86%
C 1.50E-03  4.00E-07 4.2 23.6 0.6 5 11% 89%  78% 88% 70% 79%
1.50E-03  4.00E-07 4.2 23.6 0.6 10 6% 94%  T78% 88% 74% 83%
1.50E-03  4.00E-07 4.2 23.6 0.6 15 4% 96%  78% 88% 75% 85%
1.50E-03  4.00E-07 4.2 23.6 0.6 20 3% 97%  78% 88% 76% 86%
1.50E-03  4.00E-07 4.2 23.6 0.6 25 2% 98%  78% 88% 76% 86%
1.50E-03  4.00E-07 4.2 23.6 0.6 30 2% 98%  78% 88% 76% 87%
1.50E-03  4.00E-07 4.2 23.6 0.6 35 2% 98%  78% 88% T7% 87%
1.50E-03  4.00E-07 4.2 23.6 0.6 40 1% 99%  78% 88% T7% 87%
1.50E-03  4.00E-07 4.2 23.6 0.6 45 1% 99%  78% 88% T7% 87%
1.50E-03  4.00E-07 4.2 23.6 0.6 50 1% 99%  78% 88% T7% 87%

What 1s claimed 1s:

1. A redox tlow cell, comprising:
a first half cell having a first electrolyte;
a second half cell having a second electrolyte; and

a porous membrane separating the first half cell and the
second half cell, the porous membrane having a figure-
of-merit (FOM) that 1s at least a minimum FOM,
wherein the FOM=(T*n)/P where T is a membrane
thickness, P 1s an average pore size of the membrane,
and 1 1s an average viscosity of the first electrolyte and
the second electrolyte.

2. The cell of claim 1, wherein the first electrolyte and the

second electrolyte are both 1n a non-zero redox state when
charged or discharged.

3. The redox tlow cell of claim 1, wherein the average pore
size 1s less than about 0.5 micron, the membrane thickness 1s
greater than about 1.0 millimeters, and the average viscosity
of the first electrolyte and the second electrolyte 1s about 4.0

cP.

4. The cell of claim 1, wherein the porous membrane has
been post production treated to substantially remove any o1l
or plasticizer content.

5. The cell of claiam 1, wherein the membrane has been
surface treated to modily the surface contact angle with
respect to the electrolyte solutions.
6. The cell of claim 1 wherein the first electrolyte includes
hydrochloric acid and chlorides of 1ron and the second elec-
trolyte includes hydrochloric acid and chlorides of chro-
mium.
7. The cell of claim 1, wherein the minimum FOM 1s ten
(10).
8. A method of providing a porous membrane for a flow
cell, comprising;:
determining a figure of merit;
determinming a first parameter from a pore size or a thick-
ness for the porous membrane;
determiming a second parameter from the pore size or the
thickness that 1s not the first parameter for the porous
membrane, based on the figure of ment; and

constructing a porous membrane having the determined
pore size and thickness.
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9. The method of claim 8, wherein determining the figure choosing a figure of merit greater than about 10 based on a
ol merit comprises: target cross-diffusion current when the porous mem-
defining the figure of merit as FOM=(T"n)/P where T is the brane is utilized in the flow cell

thickness, P 1s the pore size, and 1 1s an average viscosity
of the electrolytes of the flow cell, and I
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